about the enzymology of the eukaryotic triphosphatase quence similarity to the protein tyrosine phosphatase reaction. Second, no genes for higher eukaryotic cap-(PTP) enzyme family. However, CEL-1 has no detectping enzymes, which combine both triphosphatase and able PTP activity. The mechanism of the RNA triphosguanylyltransferase activities in one protein, have yet phatase is similar to that of PTPs: the active site conbeen described. In this report, we present the cloning tains a conserved nucleophilic cysteine required for and characterization of the putative C. elegans capping activity. These results broaden the superfamily of PTPenzyme gene. Remarkably, this enzyme appears to conlike phosphatases to include enzymes with RNA
P]GTP in order to allow formation of the capping enzyme has two subunits: a 53 kDa guanylyltransferase and an 80 kDa triphosphatase subunit (Itoh guanylyltransferase-GMP covalent intermediate (see Figure 1 ). The major labeled band was about 68 kDa et al., 1984a, 1987) . The yeast methyltransferase purifies as an unassociated enzyme and is encoded by the gene (data not shown), in excellent agreement with the predicted molecular weight of C03D6.3. We attempted to ABD1 (Mao et al., 1995) . strong sequence alignment and data presented below, we believe that this protein encodes the C. elegans capping enzyme. Accordingly, we have tentatively designated this gene CEL-1, for Capping Enzyme from C. elegans. However, definitive proof of the guanylyltransferase activity remains to be shown. enzymes purified from some higher eukaryotes have been shown to carry both triphosphatase and guanylyltransferase activities on one peptide (Mizumoto and express recombinant protein in bacteria or reticulocyte lysates, but have so far been unable to detect guanylyl- Kaziro, 1987, for review) . A search of the sequence databases using amino acids 1-240 of CEL-1 led to the transferase activity. C03D6.3 may be toxic in bacteria, since sequencing of several independent clones reremarkable finding that this region of the protein was quite similar to the protein tyrosine phosphatase protein vealed missense and premature termination mutations in the guanylyltransferase-like region. Based on the family ( Figure 2B ). In particular, the conserved active Figure 2 . CEL-1 Is Related to Guanylyltransferases and Protein Tyrosine Phosphatases (A) Alignment between CEL-1 and yeast guanylyltransferases. The deduced amino acid sequence of CEL-1 is compared with guanylyltransferase subunits of the S. cerevisiae (CEG1; Shibagaki et al., 1992) and S. pombe (PCE1; Shuman et al., 1994) mRNA capping enzyme. Letters represent the single-letter amino acid code, and numbers represent the positions of the amino acid residues. The asterisk shows the guanylyltransferase active site lysine residue . Boxed residues denote identities, and shaded residues signify similarity to the CEL-1 amino acid sequence. (B) Alignment between N-terminal region of CEL-1 and protein tyrosine phosphatases. The following sequences are shown: CEL-1 (residues 1-200 of C. elegans gene C03D6.3); BVP (Baculovirus PTP [Sheng and Charbonneau, 1993] ); T23G7.5, F54C8.4 (two other C. elegans open reading frames, GenBank accession nos. Z68319 and Z22178). The active site consensus of PTPs is marked by a line while the asterisk shows the predicted phosphatase active site cysteine residue (Denu et al., 1996; Fauman and Saper, 1996) . (C) Schematic representation of the CEL-1 domain structure. A two-step reaction was performed as described in Experimental Procedures. In the first step, GTP-terminated RNA was incubated with the indicated enzyme preparations labeled as in Figure 3 . After the first incubation, RNA was purified and subjected to a second incubation with [␣-32 P]GTP and recombinant guanylyltransferase subunit of S. cerevisiae capping enzyme. RNA was extracted, treated with nuclease P1 and CIP, and the cap structure was analyzed by paper electrophoresis and PhosphorImager. The position of an authentic cap structure sample (GpppG) was detected by UV light. Z22178). The closest non-C. elegans match was to a baculovirus tyrosine phosphatase that also has the ability to remove phosphate from serine and threonine (Sheng and Charbonneau, 1993) .
CEL-1 Contains a PTP-like Domain
The CEL-1 PTP-like Domain Is an RNA 5-Triphosphatase but Not a Tyrosine Phosphatase Based on the similarity to protein tyrosine phosphatases, two possible functions of the CEL-1 PTP-like domain were considered. Our primary hypothesis was that the PTP-like domain of CEL-1 was the mRNA triphos- pressed in E. coli and purified to apparent homogeneity (data not shown).
were identical to those in (A), except [␥- tested for tyrosine phosphatase activity. Two commonly used tyrosine phosphatase assays were used. The first site motif (I/V)HCxxGxxR(S/T)G of protein tyrosine phoswas to test for release of phosphate from myelin basic phatases (Denu et al., 1996; Fauman and Saper, 1996) protein phosphorylated on tyrosine. Although a bona was matched by residues 122-132 (overlined in Figure  fide T-cell PTP released phosphate from myelin basic 2B). Most alignments between CEL-1 and tyrosine phosprotein, the CEL-1 protein was completely inactive in phatases revealed some additional conserved residues this assay (data not shown). The second assay tested flanking the active site region. Particularly extensive the ability to hydrolyze 4-nitrophenyl phosphate (pNPP), alignments (p Ͻ 10 Ϫ15 ) were found with two other C. a chromogenic substrate analog of phosphotyrosine. All elegans open reading frames (T23G7.5, GenBank accession no. Z68319 and F54C8.4, GenBank accession no.
true tyrosine phosphatases tested to date are able to (which has no triphosphatase activity) and [␣-32 P]GTP. The reactions were then assayed for the presence of the labeled GpppG cap structure. Only the VV capping enzyme and the CEL-1 triphosphatase produced RNA substrates with diphosphate ends that could be guanylylated ( Figure 4 , lanes 2 and 5). Therefore, the CEL-1 amino-terminal domain exhibits all the enzymatic activities necessary for a capping enzyme triphosphatase.
Conservation of Mechanism between the RNA Triphosphatase and PTPs
Because the sequence similarity between CEL-1 and PTPs spans the PTP active site, it seemed likely that the two types of enzymes would share some mechanistic divalent cations (Denu et al., 1996; Fauman and Saper, 1996) . The CEL-1 triphosphatase activity was tested at varying magnesium concentrations. No divalent cations hydrolyze this substrate (Denu et al., 1996; Fauman and were necessary for triphosphatase activity (data not Saper, 1996) . As in the first assay, the CEL-1 PTP-like shown), as would be predicted from a PTP-like mechdomain exhibited no activity (data not shown). Thereanism. fore, it appears very unlikely that CEL-1 is a true protein By alignment of CEL-1 with the PTP active site contyrosine phosphatase.
sensus, we predicted that the CEL-1 RNA triphosphaTo test the CEL-1 amino-terminal domain for RNA tase should use cysteine 124 as a nucleophile to attack triphosphatase activity, the protein was incubated with the ␥-phosphate at the mRNA 5Ј end (marked by an a synthetic RNA terminated by a 5Ј triphosphate end asterisk in Figure 2B ). To test whether C124 was essenlabeled with a [ Figure 5 ). The 2) released monophosphate from the RNA substrate. As C124S mutant (lanes 5-7) and the C124A mutant (data would be expected for a bona fide capping enzyme, the not shown) proteins were not functional, suggesting that CEL-1 amino-terminal domain also showed RNA trithe capping enzyme RNA triphosphatase uses a mechaphosphatase activity (lane 5). The T-cell PTP used as a nism very similar to that of protein tyrosine phosphapositive control in the tyrosine phosphatase assays had tases. no detectable RNA triphosphatase activity (data not shown).
To see whether this triphosphatase activity was speDiscussion cific for polynucleotide RNA, the same experiment was carried out using [␥-32 P]GTP ( Figure 3B ) or ATP (data Surprisingly, the CEL-1 RNA triphosphatase is related to the family of protein tyrosine phosphatases. This ennot shown). In this case, CIP (lane 3) completely released the labeled phosphate, while the vaccinia virus capping zyme family consists of both tyrosine-specific phosphatases as well as "dual specificity" tyrosine phosphatases enzyme (VV, lane 2) had weak GTPase activity as previously described (Shuman et al., 1980; Myette and that also hydrolyze phosphoserine and phosphothreonine to some extent (reviewed in Denu et al., 1996; FauNiles, 1996) . However, CEL-1 released no monophosphate (lane 5), demonstrating that the CEL-1 triphosphaman and Saper, 1996). PTPs have been implicated in several processes, including signal transduction and tase is specific for polynucleotide RNA as expected for a cellular mRNA capping enzyme (Yagi et al., 1983) . cell cycle control. CEL-1 represents the first member of this family to recognize an RNA substrate. There are For the CEL-1 amino-terminal domain to function in the capping reaction, it must leave a diphosphate 5Ј end a number of genes (including CEL-1) emerging from genome sequencing projects that are listed in the datato serve as the substrate for the subsequent guanylyltransferase. This was tested in a two step reaction. First, bases as tyrosine phosphatases. The discovery that this family of enzymes has a wider than anticipated substrate a 5Ј triphosphate-ended RNA was incubated with CEL-1 triphosphatase, VV capping enzyme, CIP, or no enzyme. range underscores the need for experimental confirmation of functional assignments based on sequence hoThe reaction was then deproteinized and the resulting RNA was incubated with yeast guanylyltransferase mology alone. Indeed, there are several receptor-like PTP proteins that carry two PTP domains, one of which antiviral or antifungal agents with limited effect on the host enzyme. is often inactive on phosphotyrosine (reviewed in Denu et al., 1996; Fauman and Saper, 1996) . These ''inactive'' domains may in fact have other substrates that have
Experimental Procedures
not yet been recognized.
DNA Cloning Methods
The C. elegans capping enzyme triphosphatase is
The CEL-1 open reading frame was amplified by AmpliTaq polymermost closely related to the baculovirus protein BVP ase (Perkin Elmer) in a polymerase chain reaction (PCR) using a (Sheng and Charbonneau, 1993) . This protein has been C. elegans oligo-dT-primed cDNA library kindly donated by the G. experimentally shown to have potent tyrosyl and seryl/ Ruvkun lab (Massachusetts General Hospital). Oligonucleotide threonyl phosphatase activities. Based on its sequence primer sequences were as follows: top strand 5ЈGCGGATCCATGGG ACTGCCTGATAGATGGCTGCA3Ј, bottom strand 5ЈGCGGATCCT similarity, it would be interesting to test this protein for CACTCAATTAAATAGGTTTCAGTGAC3Ј.
RNA triphosphatase activity as well. A T-cell PTP was
The PCR reaction introduced an NcoI site at the initiation codon tested and had no RNA triphosphatase activity (data not largely confined to the active site consensus sequence.
Oligonucleotide-directed mutagenesis of the the cysteine 124 codon was carried out on single-stranded phagemid from pBS-CEL-1 as described (Kunkel et al., 1987; Vieira and Messing, 1987) . The
Capping Enzyme Triphosphatases
oligo was designed to change the cysteine codon to that for either It remains to be seen whether the CEL-1 triphosphatase serine or alanine. Mutations were identified by dideoxy-DNA seis representative of all higher eukaryotic capping enquencing. The NcoI-BstB1 fragments from the mutant plasmids zymes. Biochemical characterizations of capping enwere then cloned into the NcoI and ClaI sites of the pET11-his7 to zymes from two higher eukaryotes (brine shrimp and produce bacterial expression plasmids. rat) are consistent with a single protein with both triphosphatase and guanylyltransferase activity, although the
Recombinant Protein Production and Purification
genes for these proteins have not yet been cloned (rePolyhistidine-tagged N-terminal portion of CEL-1 protein [his7-Cel-1(1-236)] was expressed using a T7 promoter/polymerase sysviewed in Mizumoto and Kaziro, 1987) . In yeast, the tem in E. coli strain BL21(DE3) (Studier et al., 1990) . Strains carrying capping enzyme mRNA triphosphatase is a separate bacterial expression plasmids were grown at 30ЊC to an OD600 ϭ 0.5 polypeptide from the guanylyltransferase, although the and induced by the addition of 0.4 mM IPTG. Cells were further two proteins are associated (Itoh et al., 1984a (Itoh et al., , 1987 . A of purified triphosphatase (Itoh et al., 1987 was not inhibited by EDTA and was strongly inhibited negative control, soluble extract was prepared from BL21(DE3) har-(Ͼ90%) by the presence of 2 mM Mg 2ϩ (data not shown).
boring pET11-his 7 and was chromatographed as described above. Recombinant vaccinia virus capping enzyme was produced as Similar results have been described for the rat liver capfollows. E. coli strain BL21(DE3) (Studier et al., 1990 ) was transping enzyme (Yagi et al., 1983) . In contrast, the vaccinia formed with plasmid pETD12D1 (Guo and Moss, 1990 ; a gift from virus RNA triphosphatase requires divalent cations Dr. B. Moss, NIH), which expresses both subunits of the enzyme. (Shuman, 1990; Myette and Niles, 1996) . The vaccinia Recombinant VV capping enzyme was partially purified from the virus capping enzyme does not show obvious sequence soluble fraction through successive columns of DE52 (Whatman), similarity to tyrosine phosphatases (Niles et al., 1986;  P11 (Whatman), single-stranded DNA cellulose (Pharmacia), and Heparin Sepharose CL-6B. Activity was assayed by formation of Yu and Shuman, 1996) . Indeed, there are no obvious enzyme-GMP complex as described (Guo and Moss, 1990 enzymatic mechanism . (1996) . Structure and function of the 40 mM Tris-HCl (pH 7.5), 10 mM NaCl, 6 mM MgCl2, 2 mM spermiprotein tyrosine phosphatases. Trends Biochem. Sci. 21, 413-417. dine, 10 mM DTT, 20 units RNase inhibitor (Promega), 100 g/ml Fresco, L.D., and Buratowski, S.B. (1994) . Active site of the mRNA-BSA, 1 mM each of ATP, CTP, and UTP, 250 M [␥-32
